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Abstract. The bacterial cell envelope protein TolA
functions to maintain the integrity of the cell mem-
brane. This protein contains high levels of alanine
and lysine that are used in the formation of alpha
helices, which are required for normal protein func-
tion. The neutral model of molecular evolution pre-
dicts that amino acid composition and nucleotide
composition are driven by the underlying GC con-
tent, as a result of mutation bias. However, this study
shows that selection has acted to maintain high levels
of alanine and lysine in the TolA protein of Proteo-
bacteria, which in turn has biased nucleotide com-
position in the corresponding tolA gene.
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Introduction

Bacteria produce a range of antimicrobial com-
pounds including some, such as the bacteriocins, that
are effective against other bacteria (reviewed by Riley
and Wertz 2002). Colicins are a class of bacteriocins
produced by and effective against Escherichia coli and

related gram-negative bacteria. They are divided into
two groups on the basis of their killing activities:
group A comprises proteins that possess DNase,
RNase, or pore-forming activities, while group B
comprises proteins that possess protein synthesis in-
hibition, peptidoglycan synthesis inhibition, or pore-
forming activities. Because they provide a means of
defense and the ability to reduce competition for the
same ecological resources (Chao and Levin 1981;
Riley and Gordon 1999), colicins offer a selective
advantage to gram-negative bacteria. In addition,
these proteins represent potentially valuable re-
sources for the control of microbial contaminants in
the agricultural and food science industries. For ex-
ample, nisin, a bacteriocin that is distantly related to
colicins and produced by Lactobacillus species, is
used as a preservative of dairy products (Ross et al.
2002).
In order to exert their activity, colicins must be

taken up by the target cell. The Tol–Pal translocation
system mediates the uptake of group A colicins, as
well as bacteriophages, across the inner and outer
membranes of gram-negative bacteria (Sun and
Webster 1987; Levengood and Webster 1989; Heil-
pern and Waldor 2000). In E. coli, the TolA protein is
anchored in the inner membrane, spans the peri-
plasmic space, and interacts with porin receptors that
span the outer membrane (Fig. 1). TolA possesses
three domains: a hydrophobic N-terminal domain
that spans the inner membrane, a helix-rich central
domain, and a C-terminal domain that interacts with
protein receptors embedded in the outer membrane
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(Levengood et al. 1991). The helix-rich central do-
main contains high levels of alanine, lysine, and
glutamic acid, and stable alpha-helices are known to
form as a result of short stretches of alanine or
through salt-bridge formation between lysine and
glutamic acid (Marqusee and Baldwin 1987; Marqu-
see et al. 1989; Levengood et al. 1991). These alpha
helices act as coils that give TolA a spring-like
quality, allowing the bacterial membrane to shrink
and swell in response to osmotic pressure. In this
way, TolA functions to help maintain the integrity of
the outer membrane (Levengood et al. 1991; Rodrı́-
guez-Herva et al. 1996; Lazzaroni et al. 1999; Llamas
et al. 2000; Lloubès et al. 2001).
A direct relationship exists between protein se-

quence conservation and structural conservation re-
sulting in the preservation of protein function (Nei
1987; Li 1997; Nei and Kumar 2000). Thus, protein
domains or functional motifs are typically conserved
even among highly divergent species. For some
proteins, highly divergent species are observed to
display highly biased amino acid frequencies at
similar levels, suggesting that amino acid content
(and not just the specific sequence of amino acids) is
selectively important (Rooney et al. 2000). This runs
contrary to expectations under the neutral model of
molecular evolution, which predicts that amino acid
frequencies will be largely determined by GC con-
tent, which is believed to evolve neutrally (Sueoka
1961, 1962, 1988; Kimura 1983; Jukes and Bhushan
1986; Nei 1987; Li 1997; Nei and Kumar 2000). In
this study, it is shown that biased amino acid com-
position has shaped the underlying nucleotide com-
position of the tolA gene as a result of selection for
high frequencies of functionally important amino
acids.

Materials and Methods

Sequences were extracted from published bacterial genomes ar-

chived in GenBank. To identify tolA homologs, BLASTP (Altschul

et al. 1997) searches were conducted separately with the deduced

amino acid sequences of the TolA proteins from the E. coli K12,

Brucella mellitensis, Vibrio cholerae, and Pseudomonas aeruginosa

genomes, as these sequences have been previously identified on the

basis of both sequence similarity and experimental studies

(Levengood et al. 1991; Tibor et al. 1994; Dennis et al. 1996; Ro-

driguez-Herva et al. 1996; Heilpern and Waldor 2000). A minimum

e-value of 5 · 10)4 was used at the criterion to define tolA homo-

logs. Once the homologs were identified, the deduced amino acid

sequences were aligned using Clustal X (Thompson et al. 1997). A

nucleotide sequence alignment was then constructed on the basis of

the deduced amino acid sequence alignment.

Nucleotide and amino acid compositions were calculated using

the computer program MEGA2 (Kumar et al. 2001). To test for

deviations from neutrality, two different approaches were used. In

both cases, the GC content at fourfold degenerate sites was as-

sumed to represent the genomic GC content, because the latter has

already been shown to be a good approximation of the former (Nei

1987; Li 1997). The GC content at fourfold degenerate sites was

also used as an approximation to the neutral expectation. The first

test was used to determine if selection influences certain amino

acids. For this test, the correlation between the genomic GC con-

tent and the proportion of GC-rich (GAPW) and GC-poor (FY-

MINK) amino acids was computed. Under the neutral model

(Sueoka 1961, 1962, 1988; Jukes and Bhushan 1986), GC-rich

amino acids will be positively correlated with genomic GC content,

whereas GC-poor amino acids will be negatively correlated with

genomic GC content. Amino acid frequency and GC content will

show no correlation, however, if they are influenced by selection.

Correlations were computed using the Spearman rank method and

statistical significance was assessed using a standard regression

analysis.

A shared, recent phylogenetic history can bias correlation

analyses if closely related species are used in the comparisons

(Felsenstein 1985). However, this can be avoided by using species

that are not closely related, such as those above the genus level

(Harvey and Pagel 1991; Gu et al. 1998). Another approach to

gauge the relative level of species divergence is to use the magnitude

of the number of synonymous substitutions per synonymous site

(ds). In this case, one species from a pair showing ds < 1.0 can be

eliminated from correlation analyses. A value of 1.0 was chosen as

the cutoff value, because this indicates that all potentially synon-

ymous sites are variable. Note that values of ds > 1.0 are possible

as a result of correcting for multiple hits. The modified Nei and

Gojobori method (Zhang et al. 1998) with Jukes and Cantor (1969)

distances and R= 0.76 (the mean of all pairwise R estimates using

Kimura [1980] distances) was used to estimate ds.

The second test was used to gauge the significance of the

difference between the nucleotide frequencies at the second co-

don position versus the frequencies at fourfold degenerate sites.

This is a modification of the approach taken by Rooney et al.

(2000) involving comparisons between second and third codon

positions. Because all changes at second positions are nonsyn-

onymous, whereas all changes at fourfold degenerate sites are

synonymous, the contrasting effects of selection and mutation

bias at the nucleotide level will be highly apparent in compari-

sons between these two types of sites. This is because the nu-

cleotide frequencies at second codon positions should not be

significantly different than the frequencies at fourfold degenerate

sites under a neutral model (Rooney et al. 2000). However, if

selection acts to bias the frequency of certain amino acids, the

frequencies of nucleotides found at the second codon positions

for these amino acids will be elevated with respect to the neutral

expectation, represented by those same nucleotide frequencies at

Fig. 1. Relationship between GC content and the frequencies of

GC-rich (GAPW) and GC-poor (FYMINK) amino acid classes in

TolA.
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fourfold degenerate sites. In order to assess statistical signifi-

cance, a v2 test with 1 df is used.

Results

A total of 19 tolA sequences was identified in Gen-
Bank searches (excluding identical sequences pro-
duced by different strains of the same species, such as
E. coli K12 and O157:H7). Four of these species were
from the a-proteobacteria, while all others were from
the c-proteobacteria. The tolA genes of Shigella
flexneri and Mesorhizobium loti gave ds < 1.0 in
comparisons with certain taxa (S. flexneri and E. coli,
ds = 0.07; M. loti and S. meliloti, ds = 0.70; M. loti
and A. tumefasciens, ds = 0.83). When these species
were eliminated, values of ds > 1.0 resulted in all
pairwise comparisons. Therefore, they were not used
in the subsequent correlation analyses. In addition,
because tolA genes from four species of Pseudomonas
(P. aeruginosa, P. fluorescens, P. putida, and P. syr-
ingae) and two species of Salmonella (S. typhi and S.
typhimurium) were found, only one was used for each
genus. In this way, two different methods were used
to exclude closely related taxa. Because the use of
different species to represent Pseudomonas or Sal-
monella gave highly similar results, only the results
from one representative species are reported. The
species analyzed are listed in Tables 1 and 2.
The correlations between GC content and the

frequency of GC-rich amino acids (rS = 0.021; Fig. 1)
and GC-poor amino acids (rS = 0.044; Fig. 1) were
not significant. The GC-rich class is composed pri-
marily of alanine, and the GC-poor class is composed
primarily of lysine (Table 1). When the correlations
between GC content and the frequencies of these
amino acids were computed, they were not found to

be significant (rS = )0.077 and rS = 0.021 for alanine
and lysine, respectively; Fig. 2). Because alanine and
lysine are found at very high frequencies and are GC-
poor and GC-rich, respectively, one would predict an
ensuing bias in nucleotide composition. Codons for
alanine possess the C nucleotide at second positions,
whereas codons for lysine possess A at second posi-
tions. The mean C+A content at second positions
(87.9 ± 6.1%) is significantly greater than the mean
C+A content (45.0 ± 15.0%) at fourfold degenerate
sites (p = 1.43 · 10)10, v2 test). In fact, the two are
significantly different in all species analyzed (Table 2).
In addition, the C+A contents at second positions
and fourfold degenerate sites are not significantly
correlated (rS = 0.026). These results indicate that
nucleotide composition is influenced by selection to
maintain high frequencies of alanine and lysine in
TolA.
It should be pointed out that glutamic acid is an-

other amino acid found at moderate to high fre-
quencies in TolA (Table 1). Testing for selection on
GC-intermediate amino acids through the types of
analyses presented here is not practical, because GC-
rich and GC-poor codons of such amino acids will
cancel each other out by and large in interspecific
comparisons, resulting in a lack of correlation re-
gardless of the cause. Therefore, it is difficult to de-
termine whether selection or mutation bias influences
the frequency of glutamic acid in TolA. However, it
should be noted that glutamic acid codons possess A
at the second position, as do lysine codons. So, it is
possible that the elevated CA content at second po-
sitions is also due to selection for glutamic acid in
addition to alanine and lysine.
Interestingly, there are substantial differences in

proline and alanine usage between the c-proteobac-

Table 1. Amino acid composition and GC content in the TolA central domain

Speciesa Fourfold GC GAPWb FYMINK Alanine (GCN)c Lysine (AAR) Glutamic acid (GGR)

a-Proteobacteria
A. tumefasciens 78.9 34.41 23.66 13.44 12.9 11.83

B. mellitensis 79.5 33.97 21.38 13.84 15.09 13.84

S. meliloti 92.5 31.01 20.89 13.29 14.56 17.72

c-Proteobacteria
A. vinelandii 83.5 36.48 25.82 36.48 24.18 20.08

E. chrysanthemi 20.2 35.67 21.62 31.35 17.84 17.84

E. coli O157 69.3 37 20.5 35.5 20.5 16.5

H. influenzae 42.7 44.39 21.94 43.88 20.41 16.33

P. aeruginosa 79.3 34.78 28.25 34.78 26.81 15.22

P. multocida 35.6 30.2 26.57 27.6 21.88 20.31

S. typhimurium 83.3 43.27 21.15 42.31 21.15 14.42

Y. pestis 41.1 35.42 20.31 34.38 18.23 14.06

V. cholerae 43.6 24.03 21.43 24.03 19.48 25.32

a The accession numbers for the TolA sequences are A. tumefasciens (NC_003062), B. mellitensis (AF35866), S. meliloti (NC_003047), A.

vinelandii (NZ_AAAD01000068), E. chrysanthemi (AJ297885), E. coli O157 (NC_002695), H. influenzae (NC_000907), P. aeruginosa

(NC_002516), P. multocida (NC_002663), S. typhimurium (NC_003197), Y. pestis (NC_003143), and V. cholerae (NC_002505).
b GAPW—GC-rich codons; FYMINK—GC-poor codons.
c Letters in parentheses denote codons for the given amino acid.
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teria and a-proteobacteria TolA protein sequences.
Among the c-proteobacteria, the mean frequencies of
alanine and proline are 34.5 ± 6.4 and 0.53 ± 1.1%,
respectively. In contrast, among the a-proteobacteria
the mean frequencies of alanine and proline are 13.7
± 0.5 and 20.0 ± 2.6%, respectively. It is possible
that the above results showing evidence of selection
pertain to the c-proteobacteria but not to the a-pro-
teobacteria, as only three species of the latter were
available for this study. Clearly, further studies are
required to resolve this question with respect to the
a-proteobacteria.

Discussion

Few studies have shown that natural selection is more
important than mutation bias in determining the
amino acid composition of proteins (Rooney et al.
2000; Akashi and Gojobori 2002; Palacios and
Wernegreen 2002). High levels of alanine and lysine
are required for the normal functioning of TolA
(Levengood and Webster 1991; Lloubès et al. 2001),
and the results of this study indicate that their fre-
quencies have been maintained at high levels in c-
proteobacteria due to selection. This finding stands in
contrast to the neutral model, which predicts that a

protein’s amino acid content is influenced by the
nucleotide composition of its corresponding gene
(Sueoka 1961, 1962, 1988; Kimura 1983; Jukes and
Bhushan 1986; Nei 1987; Osawa et al. 1992; Li 1997).
Accordingly, if a gene primarily consists of GC nu-
cleotides, the protein that it encodes will consist pri-
marily of amino acids that are encoded by GC-rich
codons as a result of mutation bias or some other
mechanism apart from selection.
However, the action of natural selection at the

protein level could alter nucleotide composition bias
if it were strong enough. This was shown to occur in a
mammalian sperm DNA-binding protein, protamine-
1, in which the composition of arginine is maintained
at roughly 50% between species that diverged as
much as a few hundred million years ago (Rooney
et al. 2000). High levels of arginine are needed for the
DNA-binding activity of protamine-1. Therefore,
maintenance of this amino acid at high levels can be
related to the primary function of the protein, thereby
attesting to its importance (Rooney et al. 2000). A
similar effect of selection for high frequencies of an
amino acid occurs in tolA, in which a bias in the
C+A nucleotide composition of the gene has resulted
due to selection for high levels of alanine and lysine
(Tables 1 and 2). The strictly neutral model of mo-
lecular evolution predicts that the four nucleotides
comprising DNA (adenine, guanine, thymine, and
cytosine) should occur with equal frequencies if mu-
tations are random and have an equal probability of
being fixed (Sueoka 1961, 1962; King and Jukes 1969;
Kimura 1968, 1983; Nei 1987). While the large ma-
jority of studies over the past two decades discount
selection as the explanation for biased nucleotide
composition, certain studies have shown that natural
selection could play some part in shaping nucleotide
composition (Bernardi and Bernardi 1986; Clark et
al. 1999; Bernardi 2000; Wang and Hickey 2002). In
that sense, selection for highly biased amino acid

Table 2. Results of comparisons between the frequencies of C and A nucleotides at coding and noncoding sites within the tolA central

domain

Species 2nd pos. C + A Fourfold C + A v2 value p valuea

a-Proteobacteria
A. tumefasciens 86.6 47.3 32.65307 1.10 · 10)8

B. mellitensis 87.4 39.8 56.92864 4.52 · 10)14

S. meliloti 85.5 50.6 24.07134 9.28 · 10)7

c-Proteobacteria
A. vinelandii 93 59.2 19.29797 1.12 · 10)5

E. chrysanthemi 91 34 95.55882 1.44 · 10)22

E. coli O157 91.9 48.9 37.81186 7.79 · 10)10

H. influenzae 86 43 43 5.47 · 10)11

P. aeruginosa 92.7 63.7 13.20251 0.0003

P. multocida 84.4 56.2 14.15018 0.0002

S. typhimurium 92.3 22.6 214.9597 1.14 · 10)48

Y. pestis 87.5 31.7 98.22208 3.74 · 10)23

V. cholerae 79.2 48.4 19.6 9.55 · 10)6

a All p values are significant after application of the Bonferroni correction.

Fig. 2. Relationship between GC content and the frequencies of

alanine and lysine in TolA.
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composition will influence nucleotide composition, as
shown here in the case of TolA and also by Rooney
et al. (2000) in the case of protamine.
One question that remains to be answered regards

the driving force behind high frequency amino acid
selection on TolA. Interestingly, not all species of
Proteobacteria possess tolA genes. For example, tolA
genes were not found in searches of the complete
genomes of Rickettsia prowazeckii (a-proteobacteria),
R. connori (a-proteobacteria), Caulobacter crescentus
(a-proteobacteria), Neisseria meningtidis Types A and
B (b-proteobacteria), Buchnera sp. (c-proteobacte-
ria), Campylobacter jejuni (e-proteobacteria), and
Helicobacter pylori (d/e-proteobacteria). The reasons
why these species lack tolA are unclear. However,
assuming that an analogous protein has not evolved
to take the place of TolA, it may be that the protein
provides a selective advantage allowing species to
inhabit osmotically unstable environments, as it has
been shown to function in maintaining the integrity
of the cell membrane (Rodrı́guez et al. 1996; Lazza-
roni et al. 1999; Llamas et al. 2000; Lloubès et al.
2001). In that context, species that lack tolA might be
restricted to an osmotically stable environment. It is
interesting to note that all of the species listed above
inhabit such environments, as they are either obligate
intracellular pathogens (Rickettsia), intracellular
endosymbionts (Buchnera), inhabitants of aquatic
environments (Caulobacter), or gastrointestinal
pathogens or commensals (Campylobacter and Heli-
cobacter). Similarly, the a-proteobacteria included in
this study are either endosymbionts (Sinorhizobium)
or intracellular pathogens (Agrobacterium and Bru-
cella). This might explain the observed differences
(Table 1) between these species and the c-proteo-
bacteria with respect to selection for high levels of
alanine, which was not observed to occur in the for-
mer. In that regard, it would be interesting to conduct
further studies comparing the TolA proteins of or-
ganisms from osmotically stable versus unstable en-
vironments across various groups of Proteobacteria.
In conclusion, this study shows that selection has

occurred for maintaining high levels of functionally
important amino acids in TolA and that this has
subsequently altered nucleotide composition bias
within the tolA gene. To date, most studies do not
support selection as being important in the determi-
nation of amino acid frequency at the genome level
(e.g., Karlin et al. 1992; Foster et al. 1997; Gu et al.
1998; Nishizawa and Nishizawa 1998; Singer and
Hickey 2000). Therefore, it is reasonable to presume
that, in general, amino acid frequency is driven by
mutation bias in most proteins. Nevertheless, in cases
where the bias in favor of a particular amino acid is
exceptional and is maintained over long periods of
evolutionary time, selection is likely to be the un-
derlying driving force. It should also be noted that

studies aimed at detecting whole-genome patterns
overlook deviations on a local scale. Thus, if we focus
our attention on local (i.e., individual gene, protein,
or genomic region) levels, we may come to find that
selection is more important than currently believed in
shaping nucleotide and/or amino acid composition,
an idea supported by this study and a previous one
(Rooney et al. 2000). The question that remains is
whether these represent isolated cases of an unusual
form of selection or examples of a more widespread
phenomenon that is only now being uncovered.
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